We present extended experimental investigations and numerical studies on coherently driven population inversion in a three-state molecular quantum system by sequential double-Stark-chirped rapid adiabatic passage ͑SCRAP͒ ͑D-SCRAP͒ and three-state-SCRAP ͑T-SCRAP͒. D-SCRAP and T-SCRAP are alternative extensions of SCRAP. In D-SCRAP and T-SCRAP, a ⌳-type quantum system is coherently driven by two laser pulses, the pump and Stokes pulses, which are slightly detuned from transition frequencies. A third strong laser pulse induces dynamic Stark shifts of the relevant transitions. If the timing of the three pulses is appropriately chosen, the quantum system is prepared to almost complete population inversion between the two lower states in the ⌳-type level scheme. The transfer process is robust with regard to fluctuations of experimental parameters, provided some limitations are met. The paper presents convincing experimental data on D-SCRAP and T-SCRAP, driving efficient and selective population transfer to a highly excited vibrational level in nitrous oxide ͑NO͒ molecules. T-SCRAP yields transfer efficiencies of up to 95%. The efficiency of T-SCRAP is almost uneffected by the limited lifetime of the intermediate state in the ⌳ system. The paper also presents data on the accurate experimental determination of Rabi frequencies and Stark shifts. This involves measurements of power broadening, Autler-Townes splittings, and Stark-shifted spectral lines in NO molecules. Moreover, we discuss the calibration of absolute transfer efficiences by comparison with stimulated emission pumping. The experimental data are confirmed by extended numerical simulations. The simulations also serve to intensively study the properties and dynamics of D-SCRAP and T-SCRAP.
We present extended experimental investigations and numerical studies on coherently driven population inversion in a three-state molecular quantum system by sequential double-Stark-chirped rapid adiabatic passage ͑SCRAP͒ ͑D-SCRAP͒ and three-state-SCRAP ͑T-SCRAP͒. D-SCRAP and T-SCRAP are alternative extensions of SCRAP. In D-SCRAP and T-SCRAP, a ⌳-type quantum system is coherently driven by two laser pulses, the pump and Stokes pulses, which are slightly detuned from transition frequencies. A third strong laser pulse induces dynamic Stark shifts of the relevant transitions. If the timing of the three pulses is appropriately chosen, the quantum system is prepared to almost complete population inversion between the two lower states in the ⌳-type level scheme. The transfer process is robust with regard to fluctuations of experimental parameters, provided some limitations are met. The paper presents convincing experimental data on D-SCRAP and T-SCRAP, driving efficient and selective population transfer to a highly excited vibrational level in nitrous oxide ͑NO͒ molecules. T-SCRAP yields transfer efficiencies of up to 95%. The efficiency of T-SCRAP is almost uneffected by the limited lifetime of the intermediate state in the ⌳ system. The paper also presents data on the accurate experimental determination of Rabi frequencies and Stark shifts. This involves measurements of power broadening, Autler-Townes splittings, and Stark-shifted spectral lines in NO molecules. Moreover, we discuss the calibration of absolute transfer efficiences by comparison with stimulated emission pumping. The experimental data are confirmed by extended numerical simulations. The simulations also serve to intensively study the properties and dynamics of D-SCRAP and T-SCRAP. DOI: 10.1103/PhysRevA.78.033409 PACS number͑s͒: 33.80.Be, 33.90.ϩh, 42.50 .Hz
I. INTRODUCTION
Coherent interactions of intense laser radiation with atomic and molecular systems are subjects of significance in contemporary laser-based physics and physical chemistry. Among other scientific aims, the control of chemical processes and the population of highly excited, molecular vibrational states are of particular interest ͓1-5͔. The implementation of efficient population transfer in quantum systems requires techniques which combine efficiency, selectivity, and robustness. These requirements are in particular met by techniques based on adiabatic passage processes, e.g., stimulated Raman adiabatic passage ͑STIRAP͒ ͓6͔, adiabatic ladder-climbing ͓1,4,7͔ or Stark-chirped rapid adiabatic passage ͑SCRAP͒ ͓8,9͔. STIRAP and adiabatic ladder-climbing are already widely applied for efficient and robust population transfer to highly excited molecular vibrational states. However, both techniques also suffer from some disadvantages. As STIRAP relies on resonant excitations, it is difficult to implement in inhomogeneously ͑e.g., Doppler͒ broadened media. Moreover, the population of highly excited molecular states, i.e., in the energy regime approaching 10 eV, usually requires multiphoton excitations. Unfortunately, multiphoton transitions are always accompanied by perturbing dynamic Stark shifts. These shifts lead to dynamic detunings from atomic resonances. Thus STIRAP involving multiphoton transitions also suffers strongly from these dynamic detunings and yields only low conversion efficiency ͓10͔. An alternative technique, coherent ladder-climbing, applies chirped radiation pulses of broad bandwidth to transfer population to highly excited molecular vibrational states by successive rapid adiabatic passage ͑RAP͒ processes ͓1,4,7͔. The large spectral laser bandwidth, which is required to cover the anharmonicity of the molecular potential ͑i.e., the variation of the energy spacing between the vibrational states͒ limits the spectral selectivity of this technique.
The SCRAP technique overcomes these disadvantages. SCRAP is almost insensitive to inhomogeneous spectral broadening and the application of multiphoton excitations, provided the laser-controlled dynamic Stark shifts exceed some limitations ͓9,11͔. SCRAP was initially proposed for efficient population transfer in two-state quantum systems. To extend the technique to include efficient population transfer among metastable molecular vibrational states, we require an extension of SCRAP to three-state systems. Thus we theoretically proposed ͓12͔ and recently demonstrated ͑se-quential͒ double-SCRAP ͑D-SCRAP͒ and SCRAP among three states ͑T-SCRAP͒ in nitrous oxide molecules ͓13͔.
The purpose of this paper is to provide a detailed and extended analysis of our experiments on D-SCRAP and T-SCRAP in nitrous oxide molecules ͓13͔. In particular we discuss numerical simulations of D-SCRAP and T-SCRAP. Moreover, we discuss the experimental determination of relevant system parameters, such as Rabi frequencies and dynamic Stark shifts. These parameters are essential for the numerical simulation of D-SCRAP and T-SCRAP, as presented here. The numerical simulations are compared to experimental data ͓13͔. Moreover, we investigate the depen-dence of D-SCRAP and T-SCRAP on the excited state lifetime and the delays between the pump, Stokes, and Stark laser pulses.
The paper is organized as follows. Section II gives a brief introduction to the basics of SCRAP in a two-level system, as well as D-SCRAP and T-SCRAP in three-level systems. In Sec. III we discuss the relevant spectroscopy and the experimental setup for the implementation of D-SCRAP and T-SCRAP in NO molecules. Section IV discusses calibration of the experimentally determined transfer efficiency and the determination of relevant experimental parameters. Section V compares experimental results with numerical simulations as well as numerical investigations of the effect of relevant experimental parameters on the transfer efficiency of D-SCRAP and T-SCRAP.
II. BASICS OF SCRAP, D-SCRAP, AND T-SCRAP
The aim of SCRAP is the preparation of population inversion in a two-level quantum system. The technique is closely related to RAP ͓6,14͔, which provides a well-established tool for coherent population transfer. The full theoretical treatment of the interaction of a two-level quantum system of states ͉1͘ and ͉2͘ with a coherent laser field is provided by the time-dependent Schrödinger equation
where ⌿͑t͒ is the wave function of the two-level system and H the corresponding Hamiltonian. With the assumption of dipole interaction and the application of the rotating wave approximation ͓15͔, the Hamiltonian of the two-state system reads
where ⍀ is the Rabi frequency and ⌬ = 12 − is the detuning of the laser frequency from the resonance frequency 12 . The Rabi frequency is defined as ⍀͑t͒ = d 12 E͑t͒ / ប with the dipole moment d 12 of the transition ͉1͘ ↔ ͉2͘ and E͑t͒ the electric field of the driving laser radiation. In the case of adiabatic evolution the population dynamics can be described in terms of the adiabatic eigenstates ͉a Ϯ ͘, i.e., coherent superpositions of the diabatic states ͉1͘ and ͉2͘. The resulting adiabatic eigenstates of the given system are ͓15͔ ͉a + ͘ = cos ⌰͑t͉͒1͘ + sin ⌰͑t͉͒2͘, ͑3͒
with the time-dependent mixing angle ⌰͑t͒ given by tan ⌰͑t͒ = ⌬͑t͒ ⍀͑t͒
͑5͒
Expressions ͑3͒-͑5͒ indicate the possibility of complete population transfer from an initial state ͉1͘ to a target state ͉2͘ by chirping the frequency of the driving pump laser across the transition frequency 12 , i.e., changing the detuning ⌬͑t͒ during the interaction. This is the essence of RAP. In SCRAP, the chirped modulation of the excitation process is implemented by a variation of the transition frequency rather than the variation of the driving laser frequency. The fixed frequency of the driving pump laser is tuned close to ͑but not exactly at͒ the resonance frequency 12 . The transition frequency is modulated by an additional intense Stark laser pulse, which is detuned far from any atomic resonance. If the pump and Stark pulses are delayed with respect to each other, but still partly overlap in time, a time-dependent detuning ⌬͑t͒ can be realized and under appropriate conditions complete population transfer occurs ͓8͔. There are two specific conditions for SCRAP. First, the induced maximum Stark shift S 0 must exceed the static detuning ⌬ 0 and must exhibit the same sign ͓8͔, i.e., S 0 ⌬ 0 Ͼ 0. Second, the pump pulse must be sufficiently strong to ensure adiabatic passage at a first resonance between laser frequency and transition frequency, e.g., in the rising edge of the Stark pulse, and sufficiently weak to prevent a second RAP process at the other resonance, e.g., in the falling edge of the Stark pulse. Assuming temporal pulse profiles of Gaussian shape, ⍀͑t͒ = ⍀ 0 exp͓−͑t − ͒ 2 / T P 2 ͔ and S͑t͒ = S 0 exp͓−t 2 / T St 2 ͔, these requirements lead to the condition ͓8͔
where T P and T St are the pulse durations of the pump and Stark laser pulses, ⍀ 0 is the maximum Rabi frequency, S 0 is the maximum Stark shift, and is the delay between the pump and Stark laser pulses. Because the pump laser is detuned from the transition frequency, SCRAP does not rely on resonant excitation. Thus all atoms ͑or molecules͒ in an inhomogeneously broadened ensemble are driven by SCRAP to population inversionprovided the Stark shift exceeds the inhomogeneous linewidth of the relevant transition ͓9,11͔.
The extension of SCRAP towards three-state quantum systems requires two excitation pulses, referred to as pump and Stokes. The pump laser couples state ͉1͘ of a ⌳-type three-level scheme to an intermediate state ͉2͘. The latter is coupled by the Stokes laser to the target state ͉3͘ ͑see Fig. 1͒ . In the following we refer to transition ͉1͘ → ͉2͘ as the pump transition, and to transition ͉2͘ → ͉3͘ as the Stokes transition. We note that the following arguments hold for single-photon as well as multiphoton excitations on pump and Stokes transitions. However, we consider now single-photon pump transition and single-photon Stokes transitions only. A Stark laser pulse, far detuned from any resonance, induces dynamic Stark shifts of the three quantum states. In principle all three states are subject to Stark shifts. However, typically the highest ͑intermediate͒ state ͉2͘ experiences the largest shifts.
We consider two possibilities for the timing of the laser pulses. The most intuitive extension of SCRAP towards a three-state system is the implementation of two consecutive SCRAP processes, first on the pump transition, afterwards on the Stokes transition. This process is called sequential double-SCRAP ͑D-SCRAP͒ ͓12͔. The obvious pulse sequence in this case is pump pulse preceding Stark pulse preceding Stokes pulse. ͓12͔ proposed a modified pulse sequence, i.e., SCRAP among three states ͑T-SCRAP͒. This sequence utilizes excitation in a true threestate system-while D-SCRAP exhibits a combination of subsequent two-state systems only. For T-SCRAP the pump and Stokes pulses are coincident, within the falling edge of the Stark pulse ͓see Fig. 10͑c͔͒ . We note that we may also use the rising edge of the Stark pulse. The following arguments apply in a similar fashion in both cases. The detunings are such that ͉⌬ P0 ͉ Ͼ ͉⌬ S0 ͉ Ͼ 0. In a simplified ͑though not fully correct͒ approach, we may again identify two subsequent SCRAP processes. Both occur in the falling edge of the Stark laser where the dynamic Stark shifts steadily decrease. As ͉⌬ P0 ͉ Ͼ ͉⌬ S0 ͉, the dynamic Stark shift first sweeps the transition frequency 12 through resonance with the pump laser frequency. Population flows adiabatically from ͉1͘ to ͉2͘. Later, when the Stark shifts approach smaller values, the transition frequency 23 is swept through resonance with the Stokes laser frequency. Population flows adiabatically from ͉2͘ to ͉3͘.
T-SCRAP and D-SCRAP differ in an important aspect:
The storage time in the intermediate state ͉2͘ is determined in the case of D-SCRAP by the pulse delay between pump and Stokes pulse, compared to the lifetime of state ͉2͘. In the case of T-SCRAP, the storage time depends mainly upon the Stark shift rate. Thus the storage time in T-SCRAP may be minimized ͑e.g., by increasing the Stark laser intensity͒, assuming a value that is small relative to that of D-SCRAP. As a consequence, losses due to radiative decay from the intermediate state may also be dramatically minimized. We will visualize this issue by numerical simulations in Sec. V.
We note that a complete and correct treatment of population transfer by T-SCRAP involves the simultaneous excitation of pump and Stokes transitions-rather than subsequent excitation in two-level systems. However, the full theoretical treatment confirms the above conclusions.
The full dynamics of the population transfer for D-SCRAP and T-SCRAP are determined by the solution of the time-dependent Schrödinger equation ͑1͒. ⌿͑t͒ is the wave function of the molecular system and H the corresponding Hamiltonian for the three-state system. With the assumption of dipole interactions and the application of rotating wave approximation ͓15͔, the Hamiltonian of the three-state system ͑see Fig. 1͒ reads
with ⌬ 0 ª ⌬ P0 − ⌬ S0 . The Rabi frequencies ⍀ are defined as
with the transition dipole moments d ij of the transition ͉i͘ → ͉j͘ and the intensities I P,S of pump and Stokes laser. The static detunings are ⌬ P0 = 12 − P and ⌬ S0 = 23 − S , with the pump and Stokes laser frequencies P and S , and the transition frequencies 12 and 23 . S 12 = S 2 − S 1 and S 13 = S 3 − S 1 are the relative Stark shift of pump transition and Stokes transition, with the Stark shift S i of state ͉i͘, induced by the Stark laser ͓compare Sec. IV, Eq. ͑11͔͒. In addition to the Stark laser, the pump and Stokes lasers also induce dynamic Stark shifts. We neglected the pump and Stokes laserinduced Stark shifts in Eq. ͑7͒. As justified in Sec. IV, the pump and Stokes laser-induced shifts are far smaller than for the Stark laser at the relevant intensities of our experiment.
Without losses the population dynamics are fully determined by the Schrödinger equation ͑1͒. To include losses, e.g., radiative decay, a density matrix approach is more convenient. This approach is based on the Liouville equation:
with the elements of the density matrix ij = c i * c j and the probability amplitudes c i=1,. . .,3 of the three-state system. The elements ij describe relaxation according to 
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where ␥ i =1/ i is the rate that describes the radiative decay of state ͉i͘ with the lifetime i . Equations ͑7͒, ͑9͒, and ͑10͒ are the basis for our numerical simulations of D-SCRAP and T-SCRAP, as discussed below in Sec. V.
III. RELEVANT SPECTROSCOPY AND EXPERIMENTAL SETUP
In the following section we discuss the relevant spectroscopy of the molecular quantum system as well as the experimental setup for the implementation of D-SCRAP and T-SCRAP in nitrous oxide ͑NO͒ molecules.
To justify the selection of NO molecules for a first, successful demonstration of D-SCRAP and T-SCRAP, we consider the following requirements with regard to the medium: ͑1͒ three spectroscopically well-isolated rovibrational states; ͑2͒ sufficiently large transition dipole moments to permit strong excitation of pump and Stokes transitions; ͑3͒ an appropriate wavelength regime to permit generation of the required wavelength to drive the transitions; ͑4͒ sufficiently large Stark shifts to enable adiabatic population transfer by SCRAP; and ͑5͒ no ͑or weak͒ additional decay processes, e.g., dissociation or ionization, induced by pump, Stokes, and Stark lasers.
We identified NO molecules as an appropriate medium, which fulfills all of the above requirements. Moreover, NO is a very important molecule for investigations in combustion diagnosis and atmospheric chemistry. Thus NO represents an interesting and appropriate candidate for a first implementation of D-SCRAP and T-SCRAP. Figure 1 shows a reduced energy level diagram of the relevant ⌳-type three-state level scheme in NO. We identify the initial state ͉1͘ with the rovibrational state X 2 ⌸ 1/2 ͑vЉ =0,JЉ =1/ 2͒ in the electronic ground state X 2 ⌸ 1/2 . The labels and J represent vibrational and rotational quantum numbers. The pump laser at wavelength P = 226.2501 nm couples the initial state to the intermediate state A probe laser pulse ͑ pr = 235.11 nm͒, well delayed with respect to all other laser pulses, serves to monitor the population in the target state by resonantly enhanced multiphoton ionization ͑REMPI͒. The electronically excited vibrational state A 2 ⌺͑vЈ =4,JЈ =1/ 2͒ ͑referred to as state ͉4͒͘ serves as an intermediate state for the REMPI process ͑see Fig. 1͒ .
The pump, Stokes, and Stark laser pulses are generated in the following manner. The radiation of single longitudinal mode, continuous waves dye-lasers ͑Coherent 699, linewidth Ͻ1 MHz͒ is amplified in pulsed dye-amplifiers ͑PDA͒ ͑see Fig. 2͒ . The PDAs are simultaneously pumped by the frequency-doubled output of a pulsed, injection-seeded, single-longitudinal mode Nd:YAG laser ͑Quanta Ray, GCR 4͒.
The output pulse of PDA1 at vis = 624.4 nm is mixed in a ␤-barium-borate ͑BBO͒ crystal with the frequency tripled radiation of the Nd:YAG laser at 354.8 nm to yield the pump pulse. The Stokes radiation is generated by frequency doubling the pulsed output of PDA2 at vis = 599.5 nm in a BBO crystal. Typical energies obtained after the conversion processes are E P Ϸ 300 J and E S Ϸ 600 J. The setup yields radiation pulses with Fourier-limited bandwidths and Gaussian temporal intensity profiles. The temporal profiles are The probe laser radiation is generated by a pulsed dyelaser ͑Lambda Physik, LPD 300, bandwidth Ϸ10 GHz͒ at wavelength vis = 470 nm, pumped by a pulsed excimer laser ͑Lambda Physik, LPX 220͒. The radiation from the dye-laser is frequency-doubled in a BBO crystal to yield the probe laser pulse at wavelength pr = 235 nm. Typical pulse energies are E pr Ϸ 300 J. The temporal intensity profile is a Gaussian with a pulse duration of pr =5 ns ͑FWHM of intensity͒. The probe laser is triggered electronically, and delayed with a delay generator ͑EG&G, model 9650A͒ by approximately 2 s with respect to the pump, Stark, and Stokes pulses. This separates the coherent preparation process by SCRAP and the detection process by REMPI.
Pump and Stokes fields are combined with the Stark laser radiation and mildly focused by quartz lenses ͑focal length: f P = 300 mm, f S = 450 mm͒ into the interaction region of a time-of-flight ͑TOF͒ ion mass spectrometer. The lasers are overlapped in the interaction region. The probe laser beam is anticollinear with respect to the other laser fields. The probe laser exhibits the smallest spatial profile with a typical beam diameter of 0.2 mm. The pump laser is only slightly larger with a beam diameter of 0.25 mm. The Stokes laser exhibits an elliptical spatial profile which extends 0.34 mm in the horizontal direction and 1.3 mm in the vertical direction. Consequently the Stokes laser completely overlaps the probe and pump lasers. The largest spatial profile belongs to the Stark laser with a typical beam diameter of 1.4 mm, which covers all other laser profiles. All beam diameters are given as the FWHM of the intensities. Pulse energies, pulse durations, and spatial profiles allow a coarse estimation of typical laser intensities in the interaction region: I pr Ϸ 50 MW/ cm 2 , I P Ϸ 30 MW/ cm 2 , I S Ϸ 40 MW/ cm 2 , and I St Ϸ 200 MW/ cm 2 . In the ion spectrometer the radiation of all lasers orthogonally intersects a pulsed, supersonic beam of NO molecules. The molecular beam is generated by adiabatic expansion out of a pulsed nozzle ͑General Valve, stagnation pressure 800 mbar, nozzle diameter 0.8 mm͒. To collimate the molecular beam a skimmer ͑Beam Dynamics, diameter 0.8 mm͒ is placed at a distance of approximately 132 mm behind the pulsed nozzle in the propagation direction. The beam diameter in the interaction region of the TOF spectrometer is approximately 1.5 mm. The rotational temperature of the beam is approximately 23 K. No additional seeding, e.g., by a rare gas, was required in our experiment.
The ions generated by REMPI are accelerated by an electric field, propagate along a short time-of-flight segment ͑length L =1 m͒, and are detected on a multisphere plate ͑MSP, El Mul Technologies͒. The output signal of the MSP is amplified in a fast broadband amplifier ͑Femto, DHPVA-100͒, integrated in a boxcar gated averager ͑SRS, model SR250͒, and processed by a PC.
IV. CALIBRATION A. Calibration of absolute transfer efficiencies
The calibration procedure relies on comparison of the ionization signal from the target state ͉3͘, obtained after excitation by D-SCRAP or T-SCRAP, with the ionization signal, obtained after excitation by stimulated emission pumping ͑SEP͒ ͓17͔. SEP is typically implemented with laser pulses of poor coherence properties. Thus the interaction in SEP is usually considered as incoherent. In the SEP process the pump laser drives population from the initial state ͉1͘ to the intermediate state ͉2͘. The Stokes laser drives population from the intermediate state ͉2͘ to the target state ͉3͘. We consider both lasers to saturate the transitions and the laser frequencies tuned to the respective resonances. If the Stokes pulse follows the pump pulse ͑SEP type I͒, the pump pulse will first transfer half of the population to the intermediate state ͉2͘. Afterwards the Stokes pulse transfers half of the population in the intermediate state, i.e., 25% of the initial state population, to the target state ͉3͘. If we apply coincident pump and Stokes pulses ͑SEP type II͒, after the interaction the population will be distributed equally between the three states. Thus 33% of the population is transferred to the target state ͉3͘. The setup of SEP type I is very much related to our setup for D-SCRAP, the setup of SEP type II is very much related to T-SCRAP. By switching on and off the Stark laser pulse, we can switch between SEP type I and D-SCRAP ͑or between SEP type II and T-SCRAP͒. This enables calibration of the ionization signals obtained from D-SCRAP or T-SCRAP by comparison with SEP.
However, there is one major difference between SEP and D-SCRAP or T-SCRAP. A basic requirement for the validity of the calibration procedure is saturation of pump transition and Stokes transition. True saturation of a transition is only defined for incoherent excitation. In the case of coherent ͑di-abatic͒ excitation, Rabi oscillations lead to an oscillation of the transfer efficiency on a single-photon transition with the laser intensity. However, if the Rabi frequency varies, e.g., across a spatial laser profile or due to pulse-to-pulse intensity fluctuations, we have to consider averaging processes. As Rabi oscillations lead to a transfer variation between 0% and 100%, we also get an average of 50% population transfer on a coherently driven single-photon transition. Thus we can also define saturation in the case of coherent excitationprovided the laser intensity varies in the interaction region. As a measure of the amount of saturation, one usually uses the pulse area, i.e., the product of the peak Rabi frequency ⍀ and the interaction time . If ⍀ ӷ 1, many Rabi cycles occur during the interaction time. In this case the excitation probability, averaged, e.g., over the spatial laser profile, approaches the value obtained in the case of saturated incoherent excitation, i.e., 50%. Thus to validate the above calibration procedure, laser intensities must be above the saturation intensity. In the case of coherent excitation, the saturation intensity is defined by a sufficient number of Rabi oscillation cycles during the interaction time ͑given by the pulse duration͒, which permits an averaged population transfer of 50%. For intensities above the saturation intensity no increase in the average population transfer occurs. The saturation intensity of a coherently driven transition can be determined in a simple experiment by monitoring the population transferred into the excited state versus the intensity of the driving laser. In principle it is possible to calculate the Rabi frequencies from the known transition dipole moments of NO molecules. However, this also requires precise determination of the laser intensity, which again requires the pulse energy and the beam diameter in the interaction regionprovided the beam profile is homogeneous. In general, we have to take inhomogeneities of the laser profile and limited precision in the measurements of energy and beam diameter into account. These permit only a rather coarse determination of Rabi frequencies by the simple experiment listed above. We will present much more accurate techniques to determine the Rabi frequencies of pump and Stokes transitions below.
To verify saturation of the pump transition in our experiment, we observe the population driven by the pump laser to the intermediate state ͉2͘ vs the intensity of the pump laser. We monitor population in the intermediate state by ionization of state ͉2͘ with the coincident Stokes laser pulse. The Stark and probe laser are switched off. The Stokes laser is welldetuned from any optical transition of the NO molecules and serves only to ionize the excited NO molecules.
Since both pump and Stokes lasers are capable of ionizing the population in ͉2͘, the ion signal is detected for various pump laser intensities with the Stokes laser switched on and off. The difference in the signals is a measure of the ionization driven by the Stokes laser alone. Figure 3͑a͒ shows the difference signal vs pump laser intensity I P .
For pump intensities of I P Ͼ 15 MW/ cm 2 the ion signal increases only slightly with the laser intensity. Thus the data indicate saturation for pump intensities exceeding I P Ͼ 15 MW/ cm 2 . The reader might expect to see residual Rabi oscillations in Fig. 3 for lower intensities ͑i.e., below the saturation threshold͒. However, due to a limited signal-to-noise ratio, a rather low density of data points, and intensity variations in the laser profile, such oscillations can not be observed hereeven for rather low intensities.
To investigate saturation of the Stokes transition, both the pump and Stokes lasers are tuned to the corresponding resonance frequencies. The Stark laser is switched off. The Stokes laser is delayed by ⌬ = 21.6 ns with respect to the pump laser pulse. Thus in the first step population is transferred by the pump laser from state ͉1͘ to state ͉2͘. Subsequently, the Stokes laser transfers some population from state ͉2͘ into the target state ͉3͘. The population of state ͉3͘ is ionized in a REMPI process ͑see above͒ by the probe laser. The probe pulse is delayed by 3 s with respect to the Stokes pulse. The ionization, driven by the probe laser, is monitored vs the Stokes laser intensity I S . The pump laser intensity is kept fixed. Figure 3͑b͒ shows the ion signal vs the Stokes laser intensity I S . For intensities I S Ͼ 20 MW/ cm 2 the ion signal increases only slightly with the Stokes laser intensity. Thus the data indicate saturation for Stokes intensities exceeding I S Ͼ 20 MW/ cm 2 .
The data presented above verify the possibility of calibration by SEP. However, we also confirmed experimentally a population transfer of 25% to the target state in the case of SEP type I, and a transfer of 33% to the target state in the case of SEP type II ͑see above͒. We measured the ionization of state ͉2͘, when the pump laser was tuned to resonance and the frequency of the Stokes laser was varied. The Stokes pulse was delayed by ⌬ S = 11.6 ns with respect to the pump pulse ͑SEP type I͒. The Stark laser and the probe laser were switched off. The intensities were I P Ͼ 15 MW/ cm 2 and I S Ͼ 20 MW/ cm 2 . Figure 4͑a͒ shows the ionization signal vs Stokes laser detuning.
When the Stokes laser frequency is tuned to the Stokes transition, the ion signal shows a reduction by a factor of 2. Thus 50% of the population in state ͉2͘ is transferred to the target state ͉3͘. Since the pump laser saturates the pump transition ͑see above͒, 25% of the total population is transferred into the target state. The lifetime 2 = 206 ns of state ͉2͘ is long compared to the pulse delay. Therefore losses due to radiative decay are negligible.
We consider now the population in the target state ͉3͘, monitored by a REMPI process with the probe laser. When the molecules are driven with pump and Stokes pulses in a SEP type I configuration, the value of the REMPI signal corresponds to a population transfer of 25% to the target state. This enables calibration of the absolute transfer efficiency in the case of D-SCRAP. In this case, the pump and Stokes pulses are introduced in a SEP type I configuration, but the lasers are detuned from the resonances and the Stark laser is switched on .   FIG. 3 . ͑a͒ Ionization, driven by the Stokes laser from the intermediate state ͉2͘ vs intensity of the pump laser, driving the transition from state ͉1͘ to state ͉2͘. ͑b͒ Ionization, driven by the Probe laser from the target state ͉3͘ vs intensity of the stokes laser, driving the transition from state ͉2͘ to state ͉3͘.
To permit calibration of the transfer efficiency in T-SCRAP, we apply a pulse sequence according to SEP type II. The pump and Stokes laser pulses are coincident. The Stark and probe pulses are switched off. In this case the transfer to the target state is 33% of the total population. The pump laser saturates the pump transition ͑see above͒. When the Stokes laser is detuned far from the Stokes transition, the ion signal from the intermediate state ͉2͘ corresponds to a population of 50% in this state. When the Stokes laser is on resonance, the population in the intermediate state is reduced to 33%. Thus the ion signal from state ͉2͘ shows a dip of about 1 / 3 of the maximum value ͓see Fig. 4͑b͔͒ .
Let us consider the population in the target state ͉3͘, monitored in a REMPI process with the probe laser. When the molecules are driven with the pump and Stokes pulses in a SEP type II configuration, the value of the REMPI signal corresponds to a population transfer of 33% to the target state. This enables calibration of the absolute transfer efficiency in the case of T-SCRAP. In this case, the pump and Stokes pulses are introduced in a SEP type II configuration, but the lasers are detuned from the resonances and the Stark laser is switched on.
B. Determination of relevant system parameters
The numerical simulations of D-SCRAP and T-SCRAP require a knowledge of the relevant experimental parameters, such as the Rabi frequencies and dynamic Stark shifts, induced by the Stark shifting laser. As mentioned above, it is possible in principle to calculate the Rabi frequencies from the known transition dipole moments of NO molecules and the laser intensity in the interaction region. The later can only be roughly estimated due to experimental limitations. Moreover, the ab initio calculation of Stark shifts in NO is almost impossible. The calculation would require a complete knowledge of all transition moments in NO, including all bound rovibronic states, as well as ionization and dissociation continua. To overcome these difficulties, we implement alternative techniques, which allow for a direct spectroscopic determination of Rabi frequencies and Stark shifts. The concepts are explained in the following.
Stark shifts
The analysis of the Hamiltonian ͑7͒ shows that only the relative Stark shifts S 12 = S 2 − S 1 and S 13 = S 3 − S 1 matter for D-SCRAP and T-SCRAP. The Stark shift of a state ͉i͘ is
͑11͒
with the transition dipole moments d in between state ͉i͘ and state ͉n͘ and ⌬ in the corresponding detunings. The sum in Eq. ͑11͒ includes all dipole allowed transitions ͉i͘ → ͉n͘.
Typically the Stark shifts of excited states ͑e.g., state ͉2͒͘ are large compared to the Stark shifts of lower states ͑e.g., states ͉1͘ and ͉3͒͘. This holds true in our excitation scheme in NO. The Stark shifts induced in our three-level system are dominated by nonresonant couplings from a given state ͑e.g., states ͉i͘, i =1,2,3͒ to all electronically excited states of NO ͑interband coupling͒, driven by the Stark laser. Couplings within an electronic state ͑intraband coupling͒ are negligible, as intra-band transition moments are small. As a consequence we will consider in the following only the relative Stark shift S 12 Ϸ S 32 Ϸ S 2 = S St . Similar considerations show that the Stark shifts induced in the Stokes and pump transitions by the pump and stokes lasers are small compared to the shifts induced by the Stark laser. Moreover, the intensity of the Stark laser is large compared to that of the pump and Stokes lasers which further elevates the shift due to the Stark laser. Consequently, the pump and Stokes laser-induced shifts will be neglected in the following.
To determine the Stark shift S 12 , the pump and the Stark lasers drive the medium with coincident pump and Stark laser pulses. The Stokes and probe lasers are switched off. The pump laser frequency is tuned in the vicinity of the pump transition. The pump laser ionizes a small fraction of the population in a REMPI process via the intermediate state ͉2͘. We determine the peak of the ionization signal vs the detuning of the pump laser for different intensities of the Stark laser. The shift of the peak signal ͑i.e., the pump transition͒ is due to the Stark shift S 12 ͑see Fig. 5͒ . The zero position of the frequency axis corresponds to the original resonance frequency of the pump transition, i.e., when the Stark laser is turned off. The graph also shows a linear fit to the experimental data. This mirrors the expected linear dependance of the Stark shift with respect to the Stark laser intensity. The experimentally observed Stark shift occurs at larger frequencies. The Stark laser intensities, given in Fig. 5 , are estimated from the energy and beam diameter of the Stark laser in the interaction region. However, a precise determination of these values is not necessary for our experiment, as we are only interested in the Stark shifts.
Pump Rabi frequency
We determined the pump laser Rabi frequency by observation of power broadening in the spectrum of the pump transition. In the experiment, the pump laser drives a REMPI process via the intermediate state ͉2͘ ͑see above͒. The Stokes, Stark, and probe lasers are switched off. We monitor the ions, generated by REMPI, driven by the pump laser. At large laser power, the spectral linewidth of the ion signal is dominated by power broadening.
In general, when the effects of different homogeneous line broadening mechanisms are comparable, we obtain the relation ͓19͔
with the lifetime 2 = 206 ns of the excited state, which yields a natural linewidth of 1 / 2 = 4.9 MHz of the pump transition. We determine the contribution of power broadening ⌬ PB from the spectral linewidth ⌬ total of the pump transition for arbitrary pump energy and the linewidth ⌬ given in case no power broadening is observed ͑see Fig. 6͒ . The linewidth ⌬ is the superposition of the natural linewidth, Doppler broadening, and pump, laser bandwidth. Thus the relation ⌬ total = ͱ ͑⌬ PB ͒ 2 + ͑⌬͒ 2 and Eq. ͑12͒ permit a calculation of the pump Rabi frequency.
Stokes Rabi frequency
We determined the Stokes Rabi frequency from observations of Autler-Townes ͑AT͒ splittings ͓15͔ in our three-state system in NO. AT splittings are a well-known phenomenon in coherent excitation. We may understand such splittings by considering the eigenstates of the three-state Hamiltonian ͑7͒, when the Stark laser is switched off, i.e., all Stark shifts are set to zero ͓20͔. Moreover, we assume resonant excitation of the pump and Stokes lasers, i.e., ⌬ P0 = ⌬ S0 = 0 and ⍀ S ӷ⍀ P . In this case the dynamics in the system are dominated by the Stokes laser. The pump only acts like a probe for the dynamics, induced by the Stokes laser in the strongly driven subsystem of states ͉2͘ and ͉3͘. The eigenstates of the threelevel system are ͓20͔
Since the pump laser is weak, the ground state ͉1͘ is not effected by the interaction. The adiabatic ͑dressed͒ eigenstates ͉a Ϯ ͘ are the adiabatic eigenstates of a two-level subsystem of states ͉2͘ and ͉3͘. The corresponding eigenenergies are
The adiabatic eigenstates split symmetrically around the energetic position of state ͉2͘ of the unperturbed system. This is known as AT splitting. Using Eq. ͑14͒ we obtain
Thus the AT splittings are a direct measure of the Stokes Rabi frequency. From the fact that ⍀ S ϰ ͱ I S ͓see Eq. ͑8͔͒ and Eq. ͑15͒ it follows that
To observe the AT splittings in NO experimentally, we monitor the ions, generated by REMPI, driven by the pump laser via the intermediate state ͉2͘ ͑compare above͒. The Stokes laser frequency is tuned to the Stokes transition. The pump laser frequency is varied. The pump laser is attenuated in order to guarantee ⍀ S ӷ⍀ P . Figure 7͑a͒ shows a small set of spectra for four Stokes intensities. The pump transition exhibits a significant AT splitting, which increases with the Stokes intensity.
The asymmetry in the AT dublet in Fig. 7 results from a small shift of the Stokes laser frequency from exact reso- nance. In this case, the instantaneous adiabatic eigenstates ͉a Ϯ ͘ are no longer symmetric superpositions of the bare states ͉2͘ and ͉3͘. Depending on the detuning ⌬ S0 , either state ͉2͘ or ͉3͘ dominates the superposition. The Stokes detuning effects the observed AT splitting, according to ͓15͔
2 . ͑17͒ Figure 7͑b͒ shows the square of the splitting ͑⌬ AT ͒ 2 vs the Stokes laser intensity I S . As expected, the square of the splitting grows linearly with the Stokes intensity. From the data, we also obtain the small Stokes detuning ⌬ S0 by a linear regression. This yields ⌬ S0 = 156Ϯ 120 MHz. The data from Fig. 7 , together with Eq. ͑17͒ permit an accurate determination of the Stokes Rabi frequencies in our experiment.
V. D-SCRAP AND T-SCRAP: EXPERIMENTS AND SIMULATIONS
In the following section we will discuss our experimental data on population transfer by D-SCRAP and T-SCRAP ͓13͔ and compare the data with numerical simulations, based on the formalism discussed in Sec. II. In particular, we will compare the dependance of the transfer efficiency vs the pulse sequence and pulse delays of the pump, Stokes, and Stark lasers. Moreover, we will investigate the effect of the limited lifetime of the intermediate state on the transfer efficiency, both in D-SCRAP and T-SCRAP. Figure 8͑a͒ shows experimental data of the transfer efficiency by D-SCRAP vs the laser detunings. As discussed above, the pulse sequence in D-SCRAP is pump preceding Stark which precedes the Stokes ͓see Fig. 8͑c͔͒ . The maximum of the Stark pulse defines the time t = 0. The pump and Stokes pulses are delayed with respect to the Stark pulse by ⌬ P = −10.2 ns and ⌬ S = 11.6 ns.
A. D-SCRAP
The pump and Stokes Rabi frequencies, as well as the Stark shifts, are determined as described in the previous section. We obtain peak values ⍀ P =2 ϫ 0.7 GHz and ⍀ S =2 ϫ 0.7 GHz. The pulse areas are ⍀ P P Ϸ 22ӷ 1 and ⍀ S S Ϸ 13ӷ 1. This indicates strong couplings, driven by both lasers. The peak Stark shift is S St =2 ϫ 4 GHz.
As explained in Sec. III, the transfer efficiency is determined by REMPI with the probe laser. The calibration of the transfer efficiency in D-SCRAP is due to comparison with SEP type I ͑see Sec. IV͒. Figure 8͑a͒ shows a plateau of almost complete population transfer. The maximum transfer efficiency obtained is 91% Ϯ 4%. The plateau exhibits a characteristic rectangular shape. The plateau, i.e., the stability of the transfer efficiency with regard to fluctuations of the detunings, is clear evidence for adiabatic population transfer. In D-SCRAP the population is stored in the intermediate state ͉2͘, before being transferred to the target state ͉3͘. For ͉⌬ P0 ͉ Ͻ ͉⌬ S0 ͉ and ͉⌬ P0 ͉ Ͼ ͉⌬ S0 ͉ maximum population transfer is possible, if the conditions 0 Ͻ ͉⌬ P0 ͉ Ͻ ͉S͑t P ͉͒ and 0 Ͻ ͉⌬ S0 ͉ Ͻ ͉S͑t S ͉͒ are fulfilled ͑see Sec. II͒. S͑t P ͒ is the effective maximum Stark shift of the pump transition frequency at time t P . S͑t S ͒ is the effective maximum Stark shift of the Stokes transition frequency at time t S . This is due to the fact that if the detunings ⌬ P0,S0 exceed the maximum Stark shift, no resonant interaction is possible and no population is transferred by SCRAP. The upper limits in the above condition define the plateau, as depicted in Fig. 8͑a͒ .
The numerical simulation uses experimentally determined values for the Rabi frequencies, Stark shift, pulse durations, delays, and as well detunings of the pump and Stokes laser. No additional fit parameters are used. The temporal intensity profile is assumed to be Gaussian for all three laser pulses. The numerical simulation is based on a Runge-Kutta algorithm of fourth order to solve the Liouville equation ͑9͒ with the Hamiltonian according to Eq. ͑7͒, and S 13 = 0. Since state ͉1͘ and state ͉3͘ are metastable, only some certain elements ij of the relaxation matrix ͓Eq. ͑10͔͒ are nonzero. We have ␥ 22 =1/ 2 , and ␥ 12 = ␥ 21 = ␥ 23 = ␥ 32 = ␥ 22 / 2. Figure 8͑b͒ shows the result of the numerical simulation for D-SCRAP, i.e., the transfer efficiency vs the detunings of the pump and Stokes lasers.
The size and position of the plateau for maximum transfer closely matches the experimental data ͓compare Fig. 8͑a͔͒ . The expected maximum population transfer is 91%. This is in excellent agreement with the experimentally determined maximum transfer of 91% Ϯ 4%. Figure 9 shows numerical simulations of the transfer efficiency for different pulse delays ⌬ P of the pump laser pulse with respect to Stark and Stokes laser pulses. The temporal positions of Stokes and Stark laser pulses are fixed.
All other parameters are as in the numerical simulation of Fig. 8͑b͒ . For delays ⌬ P Ͻ 0 ns ͓see Fig. 9͑a͔͒ efficient population transfer ͑i.e., exceeding 90%͒ through D-SCRAP is possible. The elongation of the plateau in the axis of the pump detuning varies with the delay of the pump pulse. This is due to a variation of the pump Rabi frequency at the time t 1 , when the pump laser becomes resonant. The time t 1 is deduced from the condition S͑t 1 ͒ = ⌬ P0 . When ⌬ P varies, the relevant pump Rabi frequency ⍀ P ͑t 1 ͒ also varies. The maximum Rabi frequency is reached before or after t 1 , and consequently the population transfer varies with ⌬ P .
For ⌬ P =−8 ns ͓see Fig. 9͑a͔͒ the plateau reaches a maximum elongation. Thus we reach the maximum relevant pump Rabi frequency. For ⌬ P =0 ns ͓see Fig. 9͑b͔͒ we observe oscillations of the transfer efficiency. This is due to diabatic couplings, i.e., perturbations of the adiabatic population dynamics. The population is pumped periodically into the intermediate state ͉2͘ during the interaction with the pump laser. For an appropriate detuning ⌬ S0 of the Stokes laser, this population is subsequently transferred into the target state by the Stokes laser pulse in a SCRAP process.
For 0 Ͻ⌬ P ഛ⌬ S ͓see Fig. 9͑c͔͒ the rectangular shape of the plateau transforms into a triangular shape. D-SCRAP merges into T-SCRAP ͑see below͒. As explained above ͑see Sec. II͒, both SCRAP processes, i.e., on the pump transition and the Stokes transition, are understood to occur ͑almost͒ simultaneously. The simulations above are focussed on a variation of the pump pulse delay. We note that similar considerations also hold true for the variation of the Stokes pulse delay. Figure 10͑a͒ shows experimental data of the transfer efficiency by T-SCRAP vs the laser detunings. As discussed previously, the pulse sequence in T-SCRAP consists of coincident pump and Stokes pulses following the Stark pulse ͓see Fig. 10͑c͔͒ . As with D-SCRAP the maximum of the Stark pulse defines the time t = 0. The pump and Stokes pulses are delayed with respect to the Stark pulse by ⌬ P = ⌬ S = 9.3Ϯ 0.5 ns. Thus, in our experiment, the pump and Stokes pulses are only very slightly delayed. They may be considered as ͑almost͒ coincident, as required for T-SCRAP.
B. T-SCRAP
As explained in Sec. III, the transfer efficiency is determined by REMPI with the probe laser. The calibration of the transfer efficiency in T-SCRAP is accomplished by comparison with SEP type II ͑see Sec. IV͒. The pump and Stokes Rabi frequencies, as well as the Stark shifts, are determined as described in the previous section. We obtain peak values ⍀ P =2 ϫ 0.36 GHz and ⍀ S =2 ϫ 0.76 GHz. The pulse areas are ⍀ P P Ϸ 11ӷ 1 and ⍀ S S Ϸ 13ӷ 1. Thus the transitions are strongly driven. The peak Stark shift is S St =2 ϫ 5 GHz.
As in the case of D-SCRAP, the transfer efficiency of T-SCRAP also shows a plateau of maximum population transfer ͓see Fig. 10͑a͔͒ . The maximum transfer efficiency is 95% Ϯ 5%. The shape of the plateau in Fig. 10͑a͒ differs from the structure, observed in the case of D-SCRAP ͓com-pare Fig. 8͑a͔͒ . For T-SCRAP, the plateau shows a characteristic triangular shape. In T-SCRAP the molecules interact with both the pump and Stokes pulses, in the falling edge of the Stark laser. As discussed above, a successful implementation of T-SCRAP requires ͉⌬ P0 ͉ Ͼ ͉⌬ S0 ͉. Moreover, the Stark shift must be larger than the detunings; otherwise, the resonance condition will not be met. Thus 0 Ͻ ͉⌬ P0 ͉ Ͻ ͉S͑t P ͉͒ and 0 Ͻ ͉⌬ S0 ͉ Ͻ ͉S͑t S ͉͒, with t P = t S . These conditions for the detunings define the triangular shape of the plateau, observed experimentally in Fig. 10͑a͒ .
The implementation of the numerical simulation of T-SCRAP is similar to D-SCRAP ͑see above͒. The pulse durations and temporal intensity profiles are the same as in the case of the simulations of D-SCRAP. Figure 10͑b͒ shows the result of the numerical simulation of the transfer efficiency vs the detunings of the pump and Stokes lasers. The size and position of the simulated plateau closely matches the experimental data ͓see Fig. 10͑a͔͒ .
We note that in the simulation we used slightly different values for the pump Rabi frequency and the Stark shift, compared to the experimentally determined values. The peak pump and Stokes Rabi frequencies are set to ⍀ P =2 ϫ 0.41 GHz, ⍀ S =2 ϫ 0.76 GHz, and the Stark shift to S St =2 ϫ 6.2 GHz. This choice yields optimum overlap between the numerical simulation and experiment. Thus we obtain a small discrepancy between the optimum parameters and the system parameters, as determined experimentally. The discrepancy in the Rabi frequencies is negligible when systematic or statistical errors are taken into account. The discrepancy in the Stark shifts is a bit larger, i.e., by a factor of 1.2. This difference is due to a slight misalignment of the optical delay line for the Stark laser in the T-SCRAP experiment. The misalignment resulted in a small variation of the Stark laser beam profile in the interaction region. This caused a variation of the relevant Stark intensity and the Stark shift.
The maximum transfer efficiency, as deduced from the simulation, is 99%. This is in good agreement with the experimentally determined maximum transfer of 95% Ϯ 5%. Both the experimental data as well as the simulation for T-SCRAP demonstrate larger population transfers than for D-SCRAP. We provide additional evidence below. Figure 11 shows numerical simulations of T-SCRAP for different pulse delays ⌬ between the coincident pump and Stokes pulses with respect to the Stark pulse. All other parameters are the same as for the simulation of Fig. 10͑b͒ . For delays ⌬ Ͼ 0 ns ͓see Fig. 11͑a͔͒ highly efficient population transfer ͑i.e., exceeding 98%͒ by T-SCRAP is possible. The elongation of the plateau varies with the relative delay ⌬. As in the case of D-SCRAP, this is due to the variation of the relevant Rabi frequencies of the pump and Stokes lasers. The relevant time occurs when the resonance condition is met, i.e., when the Stark laser drives the pump and Stokes transition into resonance. For ⌬ = 6 ns we get a maximum elongation of the plateau. For ⌬ P =0 ns ͓see Fig. 11͑b͔͒ the transfer efficiency oscillates. As in the case of D-SCRAP, these oscillations are due to perturbations of the adiabatic dynamics, i.e., nonadiabatic ͑diabatic͒ excitation. Only a fraction of the overall population is transferred into the target state. In addition, when ⌬ Ͻ 0 ͓see Fig. 11͑c͔͒ efficient population transfer is possible. In this case, the interaction of the pump and Stokes lasers occurs in the rising edge of the Stark laser pulse, i.e., while the Stark shift is increasing. In the simplified approach of T-SCRAP ͑see Sec. II͒ the resonance frequency of the pump transition must be swept across the pump laser frequency before the Stokes transition is swept accross the Stokes laser frequency. For increasing Stark shifts ͑i.e., in the rising wing of the Stark pulse͒ this is only possible for ͉⌬ P0 ͉ Ͻ ͉⌬ S0 ͉. As a consequence, the transfer plateau again shows a specific triangular shape, but is flipped to the other side of the two-photon resonance. For ⌬ = −6 ns we again reach a maximum elongation. This shows that T-SCRAP is symmetric with respect to the order of the The system parameters for the simulation are given in the caption of Fig. 12 . Except for the pulse sequence, the parameters are identical for the simulations of D-SCRAP and T-SCRAP. For T-SCRAP the losses due to spontaneous decay of state ͉2͘ are small compared to the losses in the case of the D-SCRAP. This was already discussed above ͑see Sec. II͒ and is confirmed by the experimental data ͑see above, Sec. V͒. The larger efficiency for T-SCRAP is due to the nearly instantaneous population transfer into the target state. Thus T-SCRAP allows for efficient population transfer, even if the lifetime of the intermediate state is short relative to the pulse durations of the laser pulses.
In our experiment the lifetime of the intermediate state ͑ 2 = 206 ns͒ was much larger than the pulse durations ͑com-pare Sec. III͒ or the delay between the pump and Stokes pulses in the case of D-SCRAP ͑⌬ S − ⌬ P = 21.8 ns, compare Sec. V A͒. Thus in the case of D-SCRAP the losses due to spontaneuos decay during the time the population was stored in the intermediate state add up to only about 5% of the initial population. This still allows for efficient population transfer by D-SCRAP. Even though the loss due to spontaneous decay is small with D-SCRAP, the loss is even smaller for T-SCRAP resulting in an even higher transfer efficiency.
VI. CONCLUSION
We presented experimental and numerical results of efficient, coherent population transfer for the extension of Stark chirped rapid adiabatic passage ͑SCRAP͒ to applications in three-level quantum systems, i.e., sequential double-SCRAP ͑D-SCRAP͒ and SCRAP among three states ͑T-SCRAP͒. The experiment was implemented in a three-state -type level scheme in NO molecules to efficiently and selectively populate the excited vibrational level ͑vЈ =6͒ in the electronic ground state. The pump and a Stokes laser pulses drive a Raman-type transition between the vibrational ground state and the target state via an intermediate state. Both lasers are tuned close to, but not exactly on, the corresponding resonances. A third strong laser pulse, off-resonant to all transitions in the molecular system, serves to induce dynamic Stark shifts. In the case of D-SCRAP the pump laser pulse precedes the Stokes pulse. In the case of T-SCRAP the pump and Stokes pulse are coincident. In the case of D-SCRAP the Stark pulse is placed between the pump and Stokes pulses. In the case of T-SCRAP the Stark pulse either precedes or follows the coincident pump and Stokes pulse. If the detunings of the pump and Stokes pulses are appropriately chosen, the NO molecules are driven to almost complete population inversion between the vibrational ground state ͑vЉ =0͒ and the target state ͑vЈ =6͒. The population in the target state was detected by resonantly enhanced multiphoton ionization ͑REMPI͒.
We discussed the experimental determination of Rabi frequencies and laser-induced Stark shifts by measurements of power broadening, Autler-Townes splittings, and Starkshifted ionization spectra. Moreover, we discussed the calibration of absolute population transfer efficiencies by comparison with stimulated emission pumping ͑SEP͒ in different FIG. 11 . ͑Color online͒ Numerical simulations of T-SCRAP for different pulse delays ⌬ between the coincident pump and Stokes pulses relative to the Stark pulse. Fig. 8͑c͒ . The pulse sequence for T-SCRAP is as in Fig. 10͑c͒ . The system parameters are the same for D-SCRAP and T-SCRAP, i.e., ⍀ P =2 ϫ 0.7 GHz, ⍀ S =2 ϫ 0.73 GHz, S St =2 ϫ 4 GHz, ⌬ P0 =−2 ϫ 1.6 GHz, and ⌬ S0 =−2 ϫ 0.8 GHz.
configurations. We presented systematic measurements of D-SCRAP and T-SCRAP, i.e., the dependence of the transfer efficiency on the laser detunings. The data clearly indicate highly efficient population transfer to the vibrationally excited target state. The maximum transfer efficiency was 91% in the case of D-SCRAP and 95% in the case of T-SCRAP. The better performance of T-SCRAP is due to less sensitivity to the limited lifetime of the intermediate state in the transfer process. We compared the experimental data to extended numerical calculations. The agreement between experiment and simulation was excellent. Moreover, we numerically studied and discussed the properties of D-SCRAP and T-SCRAP with regard to systematic variation of pulse delays, laser detunings, and lifetimes.
